Bone marrow stroma contains progenitors of skeletal tissue components such as bone, cartilage, the hematopoietic supporting stroma and adipocytes.
Gimble et al. have reviewed the function of bone marrow adipocytes and proposed four hypotheses: (1) a passive role, simply occupying excess space in the bone marrow cavity; (2) an active role in systemic lipid metabolism; (3) a localized energy reservoir in the bone marrow; (4) direct contribution to the promotion of hematopoiesis and an influence on osteogenesis. 4) However, the function of adipocytes in bone marrow is still controversial.
The stromal cell line MC3T3-G2/PA6 (PA6) was established from mouse clavaria as preadipocytes having the capacity to convert to mature adipose cells. 5) Greenberger reported that corticosteroids accumulated lipids in primary cultured mammalian bone marrow preadipocytes, but insulin did not. 6, 7) In addition, the adipogenesis in PA6 cells is also markedly accelerated by the addition of dexamethasone, but insulin is not required for the process. 5) Insulin is a major hormone controlling critical energy functions such as glucose and lipid metabolism. Its effects result from insulin binding to a membrane receptor (insulin receptor), which is expressed highly on insulin target tissues, such as the liver, muscles and adipocytes. 8) The binding leads to its receptor autophosphorylation and then to tyrosine phosphorylation of substrate proteins, such as insulin receptor substrates (IRSs). These allow for the formation of macromolecular complexes close to the receptor. The two main transduction pathways are the phosphatidylinositol 3-kinase (PI3K) pathway and the mitogen-activated protein kinase (MAPK) pathway. [8] [9] [10] The MAPK pathway is considered to be involved in nuclear effects, proliferation and differentiation, while the PI3K pathway plays a major role in insulin functions, mainly via activation of the Akt cascade. 8, 10) Activation of Akt stimulates glycogen synthesis, protein synthesis, cell survival, inhibition of lipolysis, and glucose uptake.
11) However, nothing is known about insulin signaling in bone marrow adipocytes, which are unresponsive to insulin in the adipogenesis process.
Therefore, we assessed insulin signaling and its functions, such as glucose uptake and the inhibition of lipolysis, in adipocytes differentiated from bone marrow preadipocyte PA6 cells. 5) was purchased from the Riken Bioresource Center, Tsukuba, Japan, and maintained in a-MEM supplemented with 10% heat-inactivated FBS and 60 mg/ml kanamycin in an atmosphere of 5% CO 2 at 37°C. Differentiation was induced by treating the confluent cells with a-MEM containing 0.5 mM IBMX, 0.25 mM Dex and 10% FBS for 4 d. The cells were further cultured in a-MEM supplemented with 10% FBS every other day for the subsequent 4-6 d.
MATERIALS AND METHODS

Materials
The mouse preadipocyte cell line, 3T3-L1 (L1) (Health Science Research Resources Bank, Osaka, Japan) was cultured in DMEM supplemented with 10% FBS, 2 mM glutamine, 100 units/ml penicillin G and 100 units/ml streptomycin in an atmosphere of 5% CO 2 at 37°C. The differentiation of 3T3-L1 cells into adipocytes was initiated by the addition of 0.25 mM Dex, 0.5 mM IBMX and 5 mg/ml insulin to the culture medium of confluent cells for 3 d, followed by the cultivation of cells without supplements until differentiation. The media were changed every 2 d.
Brown adipocytes were obtained from the interscapular brown adipose tissue of 3-week-old male C57BL/6J mice (Nippon SLC Corp., Hamamatsu, Japan) as described previously. 12, 13) The tissue was minced in an isolation solution (123 mM NaCl, 5 mM KCl, 1.5 mM CaCl 2 , 5 mM glucose, 1.5% bovine serum albumin, 100 mM Hepes, pH 7.4) containing 0.2% collagenase type II (Wako Pure Chemical), and then digested for 30 min at 37°C. The digest was successively filtered through a 250-mm and 25-mm nylon filter to remove undigested material and mature cells. The brown adipocytes were pelleted by centrifugation (10 min, 2000 rpm), washed and resuspended in DMEM. The brown adipocytes were seeded into 24-well plates and cultured in DMEM supplemented with 10% heat-inactivated FBS and 100 mg/ml kanamycin in an atmosphere of 5% CO 2 at 37°C.
Oil Red O staining Oil red O dissolved in isopropanol was kept overnight at room temperature, filtered, mixed with distilled water, kept overnight in the cold, and finally filtered twice before use.
14) The final staining solution was 0.2% oil red O in 60% isopropanol (working solution). Cells were washed twice with phosphate buffered saline (PBS) and fixed with 10% neutral formalin (Wako Pure Chemical) for at least 1 h at room temperature. The cells were washed twice with water, then stained for 2 h with the oil red O working solution. The cells were washed, counterstained with Mayer's hematoxylin solution (Wako Pure Chemical), washed exhaustively with water, and the excess water was evaporated by placing the stained culture at room temperature. The stained cells were observed under a microscope.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Total RNA was isolated from PA6 cells by using an RNA isolation solution, ISOGEN. Synthesis of cDNA from the isolated total RNA was carried out using M-MLV reverse transcriptase. A reverse transcription (RT) mixture was amplified by PCR using Taq DNA polymerase in the presence of 0.2 mM sense and antisense primers. Primers used for mouse aP2 were 5Ј-AAC ACC GAG ATT TCC TTC AA-3Ј and 5Ј-TCA CGC CTT TCA TAA CAC AT-3Ј 15) ; C/EBPa 5Ј-AGA CAT CAG CGC CTA CAT CG-3Ј and 5Ј-TGT AGG TGC ATG GTG GTC TG-3Ј 16) ; peroxisome proliferatoractivated receptor-g (PPARg (GeneBank NM_011146) ; Adiponectin 5Ј-CAG GAT GCT ACT GTT GCA AGC-3Ј and 5Ј-TGC AGT CAG TTG GTA TCA TGG-3Ј 18) ; b-actin 5Ј-TTC TAC AAT GAG CTG CGT GTG GC-3Ј and 5Ј-CTC (A/G)TA GCT CTT CTC CAG GGA GGA-3Ј. 19 ) Specific conditions of each gene for PCR reaction are described in Table 1 .
Lipolysis The differentiated adipocytes were washed two times with pre-warmed PBS and further 0.5 ml of Dulbecco's balanced salt solution containing 2% bovine serum albumin and 4.5 mg/ml glucose (lipolysis buffer) with or without the addition of wortmannin (100 nM) or U0126 (10 mM) was added. After incubation for 30 min, the buffer was changed to the lipolysis buffer with or without wortmannin or U0126 in the presence or absence of insulin (1 mM) and/or isoproterenol (indicated concentrations), and subsequently incubated for 1 h. The buffer was collected and glycerol content was determined by the triglyceride E-test Wako (Wako Pure Chemical). The glycerol content was normalized for total cellular protein.
Glucose Uptake Cells cultured in 24-well plates were incubated in a-MEM or DMEM containing 0.1% FBS for 24 h at 37°C. Next, media were changed to Krebs-Ringer's phosphate buffer (123 mM NaCl, 4.94 mM KCl, 1.23 mM MgSO 4 ·7H 2 O, 0.84 mM CaCl 2 ·2H 2 O, 4.99 mM glutamine, 20 mM NaH 2 PO 4 ·2H 2 O, 15 mM Hepes, pH 7.4) and the cells were incubated for 2 h at 37°C. Before the cells were exposed to insulin, they were treated or not treated with inhibitors in Krebs-Ringer's phosphate buffer for 1 h. After in- cubation with or without insulin (1 mM) for the indicated periods, 2-deoxy-D-[1-3 H]glucose was added and cells were subsequently incubated for 5 min. The cells were washed twice with ice-cold PBS and then solubilized with 0.1% sodium dodecyl sulfate in 1 N NaOH. The radioactivity incorporated into the cells was measured by liquid scintillation spectroscopy.
Immunoblotting The differentiated PA6 cells cultured in 24-well plates were incubated in a-MEM containing 0.1% FBS for 24 h at 37°C. Media were changed to a-MEM containing 0.1% FBS, and cells were incubated for another 2-4 h at 37°C. Before the cells were exposed to insulin, they were treated or not treated with the inhibitors for 1 h. Then, insulin (1 mM) was added and the cells were subsequently incubated for an additional 5 min at 37°C. The cells were then lysed, and immunoblot analysis performed by using the antibodies against actin or the phospho-specific antibodies against Akt, p70 S6K, p38 MAP kinase and extracellular signal-regulated kinases (Erks).
Antibody-bound proteins were detected by luminescence (ECL Western Blotting Kit, Amersham Biosciences) and analyzed using the Las-1000 lumino-imaging analyzer (Fuji Film, Tokyo, Japan).
RESULTS AND DISCUSSION
The stromal MC3T3-G2/PA6 (PA6) cell line was established from mouse clavaria and was known to have the capacity to convert to mature adipose cells and to accumulate triglycerides in the cytoplasm.
5) The conversion into mature adipose cells is markedly enhanced in the presence of Dex. 5) Preadipocytes required insulin, glucocorticoids and phosphodiesterase inhibitors, as external inducers, for the trigger of full differentiation into mature adipocytes. [20] [21] [22] Of those, insulin is well known to play a key role in adipocyte differentiation in vivo and in vitro. [23] [24] [25] [26] However, PA6 cells do not always need insulin to convert to adipose cells, 5, 27) as is the case with bone marrow preadipocytes. 6,7) Ding et al. have reported that TG accumulation when Dex and IBMX are given together was much more than that with Dex alone in PA6 cells. 27) Our preliminary study also showed that insulin did not induce the adipocyte differentiation of PA6 cells in the presence or absence of Dex and IBMX. Therefore, we used Dex and IBMX (without insulin) for the differentiation of PA6 cells. PA6 cells exhibited a fibroblast-like morphology before stimulation with Dex and IBMX, but large lipid droplets were observed in the cytoplasm at 8 d after the stimulation (Fig. 1A) . In addition, mRNA expression of the adipose specific proteins (aP2, PPARg, C/EBPa, FAS, GLUT4, leptin, and adiponectin) as differentiation markers appeared or increased clearly in the cells (Fig. 1B) . Isoproterenol induced glycerol release (lipolysis) from PA6 cells in a concentration-dependent manner (Fig. 1C) . These results confirmed that PA6 cells differentiated into mature adipose cells in the absence of insulin.
On the other hand, although PA6 cells are unresponsive to insulin in the adipogenesis process, mRNA expression of IR and IRS-1 was observed all through the adipogenesis (Fig.  1B) . Therefore, in this study, we assessed insulin signaling and its functions, glucose uptake and anti-lipolytic effect in differentiated PA6 cells.
As shown in Fig. 2A , insulin induced the phosphorylation of Erks, Akt at Ser 473 and ribosomal p70 S6 protein kinase (p70 S6K) at Thr 389, but not p38 MAP kinase, in the differentiated PA6 cells. It was confirmed that the insulin-induced phosphorylation of Erks was inhibited by U0126, a MEK inhibitor, and that wortmannin, a PI3K inhibitor, and ML-9, a known Akt inhibitor, 28, 29) blocked the insulin-induced phosphorylation of Akt and p70 S6K, which is shown to be a downstream target of Akt. [30] [31] [32] On the other hand, the insulin-induced phosphorylation of p70 S6K was attenuated by U0126 as well as inhibitors of the PI3K cascade, including rapamycin, an inhibitor of mammalian target of rapamycin (mTOR) (Fig. 2A) . p70 S6K has been shown to be phosphorylated by MAP kinases, including Erks, 33, 34) and our previous reports also showed the blocking phosphorylation of p70 S6K by using the MEK inhibitors. 35, 36) Therefore, the phosphorylation of p70 S6K by insulin stimulation is probably regulated by Erks in differentiated PA6 cells.
Then, we measured insulin-induced uptake of 2-deoxy-D-
H]glucose uptake increased with the treatment time of insulin (Fig. 2B) . The glucose uptake stimulated by insulin has been established to be through a PI3K-dependent pathway. [37] [38] [39] [40] We examined whether the insulin-induced glucose uptake in the differentiated PA6 cells is blocked by inhibitors of the PI3K pathway. As shown in Fig. 3A , the insulin-induced 2-deoxy-D- [1- 3 H]glucose uptake was inhibited by pretreatment with wortmannin or ML-9, but not rapamycin, U0126 or SB20190, a p38 MAP kinase inhibitor.
Because insulin-dependent glucose uptake in brown adipocytes is also known to be maintained mainly by a PI3K-dependent pathway, 31) we confirmed the effects of inhibitors of the insulin-signaling pathway on insulin-induced 2-deoxy- 
D-[1-
3 H]glucose uptake in brown adipocytes. Wortmannin and ML-9 significantly inhibited 2-deoxy-D- [1- 3 H]glucose uptake in the brown adipocytes, as in the case of PA6 cells (Fig. 3) . The importance of the PI3K pathway on insulin-induced glucose uptake has also been reported in extramedullary adipocyte 3T3-L1 (L1) cells. 40, 41) Thus, insulin works in the glucose uptake of bone marrow adipocyte PA6 cells, as well as in brown adipocytes and L1 cells.
In adipose cells, insulin antagonizes lipolysis induced by catecholamines, 42, 43) which activate adenylate cyclase and increase intracellular cAMP. This effect of insulin is suggested to result from the activation of phosphodiesterase 3B (PDE3B) through the PI3K/Akt pathway. 42, [44] [45] [46] Consistent with these findings, insulin significantly inhibited isoproterenol-induced lipolysis in the differentiated L1 cells (Fig.  4B) , and the inhibition by insulin was restored by pre-treatment with wortmannin, but not U0126 (Fig. 5) . However, isoproterenol-induced lipolysis in the differentiated PA6 cells was hardly influenced by insulin (Fig. 4A) . PDE3B mRNA expression was observed in both PA6 cells and 3T3-L1 cells after differentiation (data not shown). Therefore, PDE3B may be not regulated by insulin signaling in PA6 cells.
Very little is known about role of insulin in bone marrow. Moreover, the necessity and role of insulin in bone marrow adipocytes is still not clear. In this study, we demonstrated that insulin stimulated intracellular signaling, such as PI3K and MAPK pathways, and also affected glucose uptake in PA6 adipocytes, which have been suggested to be derived from bone marrow. 5) On the other hand, insulin did not inhibit isoproterenol-induced lipolysis in the cells. Although we did not examine isolated bone marrow adipocytes, the unresponsiveness to adipogenesis (lipogenesis)-antilipolysis of insulin might be characteristic of bone marrow adipocytes. These results provide novel insights into the property and function of bone marrow adipocytes. 
